A condensed summary of molecular cloud astrophysics is presented. Some examples of the power of combining near{IR and mm molecular line observations are given.
Introduction
Millimetre astronomy is usually referred to the 1-3 mm (300-85 GHz) spectrum, though the natural extension to 0.3 mm (1000 GHz), the sub-mm, is often considered on account of the similar scienti c objectives of molecular line observations across this range. The fundamental and rst few excited rotational transitions of nearly all interstellar molecules occur here. This brief review will outline some of the interesting astrophysics that can be studied. It must be stressed, however, that it is incomplete and phenomena are often more complex than alluded to here. Three recent reviews which will provide more detail are: on mm-interferometry (Sargent & Welch, 1993) , on molecular clouds (Cabritt, 1994) and on star formation (Palla, 1993) .
Continuum Emission
It is worth noting that the dominant continuum emission processes from astrophysical objects often changes from synchrotron, through thermal bremsstrahlung, to cold dust emission in the millimetre regime as the frequency rises (though not usually within a single source). The Rayleigh{Jeans tail of the thermal dust emission from cold protostars (T 10-15 K) can be observed. The 2.7 K cosmic microwave background radiation (CMBR) peaks at 1.1 mm, and studies of its anisotropy on di erent angular scales concentrate here. Furthermore, the Sunnyaev-Zel'dovich (SZ) e ect ( uctuations in the CMBR from compton upscattering of the photons by hot electrons) is best measured in the millimetre too, where both the increment (to shorter wavelengths) and the decrement (to longer wavelengths) in the CMBR can simultaneously be recorded.
Molecules and Molecular Clouds
Molecules exist in the ISM, a discovery that elicited some surprise when rst made (e.g., Field et al., 1966 , Rank et al., 1971 ), but is due to the presence of both dust-and self-shielding of the molecules from interstellar UV radiation. Molecular clouds are virtually entirely composed of H 2 . The CO molecule, the next most common, is typically 10 ?4 in abundance, and other molecules (e.g., CS, NH 3 , H 2 CO) comprise no more than 10 ?8 the H 2 . We see the molecular clouds through these trace molecules, however, and not the H 2 . This is because H 2 has no dipole moment, and thus only radiates through slow quadrupole transitions, the lowest of which originates from a level 500 K above ground. Hence it is not populated in the typical cold cloud. CO provides our tracer of molecular clouds, despite its low dipole moment, due to its abundance and low lying energy levels, the rst being just 5 K above ground.
Observations of several lines from the abundant molecules can provide estimates of the physical parameters of molecular clouds, as discussed by Welch (1995) . These include the temperature (T), gas number density (n) and column density (N), line widths ( v), optical depths ( ) and isotope ratios. From these parameters the astrophysical state of the clouds can be examined (see Cabritt, 1994) .
In general, there are three typical states molecular clouds are found in: Cold, dark clouds with T 10-20 K and n 10 2?4 cm ?3 . Star forma-tion occurs within such cores. Photodissociation regions (PDRs), or the warm surfaces of molecular clouds heated by the far{UV radiation eld, with T 100 K and n still 10 2?4 cm ?3 . Since the average half-thickness of molecular clouds in the Galaxy is A v 4, their energy balance and chemical state is, in general, in uenced by the radiation eld. PDRs comprise much of the molecular gas in our Galaxy. Hot, dense molecular clouds, either shock-heated or irradiated by the strong far{UV radiation eld from nearby OB stars, with T 2000 K and n 10 6?7 cm ?3 . The thermal line widths from molecular gas are narrow, for instance 0.2 km s ?1 at T 10 K. Measured line widths are always wider than this, and thus supersonic. This is generally explained as due to turbulence, but is inadequately understood. The line widths must be less than the alfven speed in the gas, however, as super-alfvenic turbulence rapidly dissipates. Typical non-thermal components of the line widths are measured to be 2-10 km s ?1 in giant molecular clouds complexes, to 0.2 km s ?1 in low mass cloud cores.
Magnetic elds can be inferred from Zeeman splitting of maser lines (e.g., Norris 1984) or from the scatter in dichroically-aligned polarization vectors (e.g., Chrysostomou et al., 1994) . Field strengths within a cloud scale as n 0:5 , though this scaling law does not hold between clouds. Typical magnetic eld values rise from 3-10 G within di use HI clouds, to 10-50 G in giant molecular clouds, to 100 G in the cloud cores, up to values of 3-10 mG in the cores of massive star forming regions such as Orion.
Molecules are found in giant molecular clouds (GMCs) that are virtually entirely molecular in content, and spread across the plane of our Galaxy (including its centre). There is a broad peak in their distribution in a ring between 4 and 8 kpc from the Galactic centre. The total molecular gas in the Galaxy, 2 10 9 M , is equal to that in atomic gas (i.e., 50% of the mass of the ISM). GMCs have masses in the range 10 4?6 M , sizes of order 10-100 pc, and are surrounded by di use atomic envelopes which can have masses of up to 10 6 M . They are the most massive single objects in our Galaxy and have an unusual mass distribution. It is concentrated in the most massive clouds, contrary to the stellar mass distribution.
Astrophysics of Molecular Clouds
There are six primary areas of millimetre astronomy studied in the Galaxy:
Star formation and molecular out ows. The interstellar medium. Interstellar chemistry. The Galactic centre, including both the circumnuclear disk (e.g., Genzel, Hollenbach & Townes, 1994) and the Sgr B2 dark cloud (a reservoir containing virtually every interstellar molecule ever detected; e.g., Cummins, etal, 1986 , Turner 1987 ). Evolved stars, including both the molecules in the shells ejected by planetary and proto-planetary nebulae, and the dust which forms in their circumstellar envelopes (e.g., Loup et al., 1993 , Sargent & Welsh, 1993 . The Solar system, including both planetary atmospheres and the lower Solar atmosphere (Sargent & Welsh, 1993) . In the following sub-sections we expand on items two and three above in more detail, before turning to star formation:
Interstellar Chemistry
Interstellar chemistry must take place in a cold, low density environment, quite unlike that in which conventional laboratory chemists work (e.g., see Dalgarno, 1985) . Reactions which require 3-body collisions, or an activation energy to initiate them, simply do not occur. Most reactions take place via ion-molecules encounters, with the collision rate < v > 10 ?9 cm +3 s ?1 . A small fraction, perhaps 10 ?8?6 of the cloud, is kept ionized by the interstellar UV radiation eld and, in the dense cores, by cosmic rays. These ions have much greater collision cross-sections with the molecules than other constituents of the gas, and drive the reaction schemes, despite their low abundance.
Some molecules however, in particular H 2 , do not form in this manner, but are produced in reactions on grain surfaces (e.g., Duley & Williams, 1986) . Following gas-grain collisions, hydrogen atoms stick to the grain surfaces. They then migrate around it, before encountering and reacting with another H{atom, with the surface energy of the grain being used to overcome the reaction barrier.
Interstellar chemistry is complex, and theoretical studies hampered by large uncertainties over reaction rates. In particular, H + 3 , which is a critical ingredient in reaction schemes, has not yet been detected in interstellar space. Over 80 interstellar molecules have been observed, including inorganics, organics and ions. Several produce natural maser emission. Some were even detected in space before the laboratory. For instance, HCO + was predicted to form from an encounter between CO and H + 3 , and then subsequently discovered in the ISM. Interstellar shock waves can play an important role in stimulating reaction networks, both increasing the density and temperature of the gas and thus vastly speeding up the processes at work.
The Interstellar Medium
The ISM is a complex medium. It includes the 3-phase medium of warm and cool atomic gas and hot coronal gas, all in pressure equilibrium. It also includes HII regions, which are over-pressured and expanding. And it contains the molecular clouds which are in gravitational equilibrium, with centrifugal, turbulent and magnetic forces balancing a cloud against gravitational collapse. Some of the processes that can be studied relating to the molecular environment of the ISM include:
Cloud structure, the hierarchy of clouds sizes and how they form and fragment (e.g., Blitz, 1987 , Elmegreen, 1990 ? Does the mass spectrum of clumps in molecular clouds, dN/dM M ?1:6 , evolve into the M ?2:3 initial mass function for stars (e.g., Blitz, 1992) ? Interactions with molecular clouds, such as the expansion of SNRs into clouds (see below). The star|gas cycle of the ISM, and feedback and self-regulating mechanisms which operate within it (e.g., Dopita, 1990) . Excitation physics|the processes which occur in the heating and cooling of the gas (e.g., Hollenbach, 1990 , Phillips & Keene, 1992 ).
An example of the kind of study that can be undertaken is that on the expansion the SNR IC 443 into a molecular cloud. An optical image of IC 443 shows a bipolar H shell nearly 1 across, straddling either side of a cold molecular cloud seen in CO. In IR molecular hydrogen, a ring of hot molecular gas lies inside the molecular cloud, suggestive of expansion of the SN blast wave into it (Burton et al., 1988 ). An HCO + map, with 45" spatial resolution, is virtually identical in morphology to the H 2 map, but the line velocities show an expansion perpendicular to the bipolar H axis (Dickman et al., 1992) . They correspond to the projection an expanding ring inside the molecular cloud. The combination of near{IR and mm molecular observations has clearly shown the expansion of an SN blast wave into the remnant of the natal molecular cloud from which the pre{SN star formed.
Interestingly, while single-dish mm and large-beam near{IR molecular line observations show an almost identical morphology, recent interferometric and IR array images in these lines, showing the structure on arcsecond scales, di er (Wang & Scoville 1992 ). Here we are probing the interaction of the blast wave with individual clumps of gas, as opposed to studying the global expansion. The near{IR data provides the highest spatial resolution, but lacks the dynamical information which the mm-data can provide. Such a combination is now allowing us to address the excitation physics of the shock-wave interactions in IC 443.
Star Formation
The study of star formation is central to the discipline of mm-wave astronomy. Star formation occurs within molecular clouds, and in the past few years we are starting to learn the manner of the process. There appear to be two principal regimes in which it occurs:
Cluster formation, in the dense cores of massive GMCs. Individual stars, formed in low mass, isolated cores (Bok globules). There are many`signposts' to star formation, seen primarily in the IR and mm regimes. These include, for the case of cluster formation: HII regions, IR sources, hot dust, molecular out ows and maser sources. For isolated cores, however, we typically observe low mass stars, jets and Herbig{ Haro (HH) objects. What is clear from the studies that are being undertaken is that a complete census of a star forming cloud must combine observations with near{IR array cameras to reveal the stellar population, and with mmwave telescopes to determine where the gas is. Such observations allow us to determine quantities such as the e ciency of star formation (the star to gas ratio), how it occurs in relation to the available fuel (the gas) (as isolated stars, aggregates of a few tens of stars, or in rich clusters of several hundred stars?), the evolution of star formation with a cloud (through the stellar age dispersion within a cloud), the luminosity and initial mass function of the young stars (from their IR uxes), and whether the formation of disks (and planetary systems?) is a normal part of the process.
Two examples will show the range in results that is now being obtained. In the L1630 (Orion B) cloud a low resolution mm-wave CS 2{1 (98 GHz with 1.8' beam) survey by Lada (1994) over a 200 100 arcmin region reveals a clumpy distribution of dense molecular gas within the GMC complex. In particular there are 5 cores where the gas density is > 3 10 4 cm ?3 and the gas mass > 200M . A follow-up IR survey showed that star clusters are forming in 4 of these cores, where the star formation e ciency is around 20-40%. In fact 96% of all the sources imaged were found in these 4 dense cores, yet the overall star formation e ciency in the L1630 cloud is only 3-4%! The implication is that stars form in clusters, which are found in dense cores. However, a survey of the L1641 by Strom et al. (1993 Strom et al. ( , 1994 found a di erent result, that star formation is distributed throughout that cloud. 70% of the sources they found were spread throughout the cloud, with a number of small aggregates of 10-50 stars, and just one rich cluster. Which, if either result, is typical has yet to be determined, but the point is that it is through the complementarity of mm-wave and near{IR observations that such studies on how and where star formation occurs can proceed.
Molecular Out ows
Molecular out ows from star forming regions are now a well established phenomenon (e.g., Lada, 1985) . Broad wings seen in molecular lines such as CO, HCN, CS, SiO and HCO + have signalled the presence of an important phase of the star formation process. Mapping of the wings in these mm-lines shows typically a loosely collimated bipolar structure, with out ow speeds of 4-60 km s ?1 , sizes of 0.04-4 pc, dynamical timescales of 3,000 to 5 10 5 years, and out ow masses from 0.01 to 200M (sometimes even greater than the mass of the central young stellar object (YSO)). The statistics show that virtually every star of mass greater than the Sun must go through such a phase. The ow momentum is of order 1-100 M km s ?1 , and the kinetic energy 10 45?47 ergs. It may be enough to feed the turbulence observed in molecular clouds, and provide self-regulated star formation. The origin of the out ows is unknown, but is connected with the release of angular mo-mentum during cloud collapse. In addition to the molecular ows, localised regions of excitation are seen (through shocked H 2 , HH{objects, jets and masers) associated with material speeds up to 500 km s ?1 . It seems that ambient material is being entrained by a fast`primary' wind, possibly even a jet from the YSO.
An interesting comparison of the complementary capabilities of the near{ IR/optical and mm-wave astronomy is shown through the observations of the chain of HH{objects HH7{11 (Garden et al., 1990 , Rudolph & Welch, 1988 . The shocked knots of gas seen in H and H 2 are displaced from a chain of knots visible HCO + , as though they were running into them. The suggestion is of a pressure-con ned jet, experiencing a sequence of fast internal shocks (H , H 2 ), and slow external shocks (HCO + ) into the ambient gas, as it drives away from the central source. The data show the capabilities of combining mm-interferometry with optical/IR imaging to spatially resolve the excitation mechanism at work within a source.
Some southern out ows may be mapped with a single dish mm-telescopes, but perhaps the most interesting scienti c questions remaining to be addressed have to do with the origins of the out ows. They can be tackled through high S/N spectra of the wings of the line pro les. Atomic (HI) and molecular (CO, HCO + & SiO) observations show extremely high velocity wings have been found in a few sources (e.g., Lizano et al., 1988 , Koo, 1989 , showing components at velocities of 50-150 km s ?1 . There is the suggestion that`bullets' of masses 10 ?4?3 M have been ejected and are entraining material as they interact with the surrounding molecular cloud and decelerate, driving the molecular out ows. These`bullets' may be produced in episodic jets, or they may be produced in explosive events such as in Orion (e.g., Allen & Burton, 1993 ).
This extremely high velocity atomic gas may be driving the molecular out ows. To demonstrate this we must both observe the atomic gas, and the momentum coupling with the molecular gas. However observing the HI, even with the VLA, is extremely di cult as we are sensitivity limited (see Welch, 1995) . An interesting project for a single-dish mm-telescope may be to search for evidence for the momentum coupling of such extremely high velocity ows, through high S/N observations of molecular line wings in conjunction with near{IR high spatial resolution H 2 imaging.
Conclusion
With a large beam size of 45" and observation con ned to the 3-mm waveband there is limited new science that can be tackled with Mopra. Molecular line observations should be con ned to surveys of extended objects or high S/N observations of line pro les. Clearly extending the dish to 22-m, and installing a multi-beam array, will bene t both these types of observations. Several southern clouds are appealing; Ophiuchus, Corona Australis, Chameleon and Lupus for instance. Surveys for the dense gas (CS, HCO + , HCN) associated with star formation, in tandem with IR surveys for embedded sources, should provide interesting light on the star formation process in these regions. Very high S/N observations of line pro les may reveal the existence of extremely high velocity motions associated with the molecular out ows.
Interferometric observations of the cloud cores, especially in tracers of dense gas such as HCO + and CS (which will not su er from variable atmospheric transmission), utilising the large collecting area of the Compact Array, are likely to eventually yield the most interesting new science.
